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Abstract

31
The aim of the present study was to investigate changes in intramuscular triglyceride (IMTG) 32 content and perilipin 2 expression in skeletal muscle tissue following 6 months of endurance 33 type exercise training in type 2 diabetes patients. 10 obese, male type 2 diabetes patients (age 34 62±1 y, BMI 31±1 kg/m 2 ) completed 3 exercise sessions per week, consisting of 40 min of 35 continuous endurance type exercise at 75% VO 2 peak , for a period of 6 months. Muscle 36 biopsies collected at baseline and after 2 and 6 months of intervention were analysed for 37 IMTG content and perilipin 2 expression using fibre type specific immunofluorescence 38 microscopy. Endurance type exercise training reduced trunk body fat by 6±2% and increased 39 whole-body oxygen uptake capacity by 13±7% (P<0.05). IMTG content increased two-fold 40 in response to the 6 months exercise training in both type I and type II muscle fibres 41 (P<0.05). A three-fold increase in perilipin 2 expression was observed from baseline to 2 and 42 6 months of intervention in the type I muscle fibres only (1.1±0.3, 3.4±0.6, and 3.6±0.6% 43 fibre stained, respectively; P<0.05). Exercise training induced a 1.6-fold increase in 44 mitochondrial content after 6 months of training in both type I and type II muscle fibres 45 (P<0.05). In conclusion, this is the first study to report that prolonged endurance type 46 exercise training increases the expression of perilipin 2 alongside increases in IMTG content 47 in a type I muscle fiber type specific manner in type 2 diabetes patients. 48 Introduction 57 Skeletal muscle insulin resistance is a defining characteristic of type 2 diabetes and is associated with 58 intramuscular triglyceride (IMTG) accumulation. The concept of lipid-induced insulin resistance was 59 initially derived from cross-sectional studies which demonstrated a correlation between high IMTG 60 concentrations and insulin resistance (30). However, trained endurance athletes are generally highly 61 insulin sensitive despite having substantially elevated IMTG levels (13, 46) . Consequently, IMTG 62 accumulation appears to relate to insulin resistance when accompanied by a sedentary lifestyle and 63 low oxidative capacity (5) . It is postulated that a low turnover of the intramuscular lipid pool and a 64 resultant elevation in the concentration of lipid metabolites, such as diacylglycerol and ceramides, 65 mediates impairments in the insulin signaling pathway which are responsible for reduced insulin 66 sensitivity (28).
68
The benefits of prolonged endurance type exercise training on cardiovascular and metabolic health 69 have been well established (17), and provide a basis for prescribing exercise in the prevention and 70 treatment of type 2 diabetes (33). Exercise training interventions that enhance oxidative capacity and 71 improve the storage and packaging of IMTG are likely to facilitate the improvement in skeletal 72 muscle insulin sensitivity. In accordance, recent studies demonstrate an increase in mitochondrial 73 density and intrinsic mitochondrial function in response to prolonged endurance type exercise training 74 in type 2 diabetes patients (18, 31) . The impact of endurance type exercise training on IMTG content 75 is less clear, with studies showing an increase (10, 35) , no change (6), or a decrease (4, 42) in muscle 76 lipid storage in older obese individuals and obese type 2 diabetes patients. Changes in IMTG 77 deposition can be assessed by the use of biochemical TG extraction of muscle tissue as well as 78 immunohistochemical analyses of oil red O-stained muscle cross sections (43). The latter approach 79 has shown a 3-4 fold greater lipid content in type I versus type II muscle fibres (45). This method has 80 been applied frequently to evaluate fibre type specific differences in IMTG content across different 81 populations and in response to exercise (46, 47) . Therefore it is important to utilize techniques that 82 allow IMTG content and associated proteins to be analysed in a muscle fibre type specific manner.
84
Lipid droplets (LDs) containing IMTG are viewed as a dynamic organelle which play a role in a 85 variety of cellular functions including lipid homeostasis and cell signaling (for recent reviews see (11, 86 12)). This notion is supported by the discovery of a family of proteins associated with the 87 phospholipid monolayer of LDs, referred to as the perilipin proteins (numbered 1 to 5; (22)). Perilipin 88 1 is relatively well-characterized and appears to regulate lipolysis through its interaction with lipases 89 and co-activators at the surface of the LD (15, 48), however its expression is reported to be limited to 90 adipocytes and steroidogenic cells (24). Perilipin 2 (formerly known as adipocyte differentiation-91 related protein; ADRP or adipophilin) on the other hand is ubiquitously expressed and present in 92 skeletal muscle tissue. Perilipin 2 content is closely related to IMTG concentrations and is more 93 abundantly expressed in the type I muscle fibres (3, 27, 39) . Although the exact function of perilipin 2 94 remains to be established, in vitro data suggest that its presence on the lipid droplet surface can limit 95 the LD-association with adipose triglyceride lipase (ATGL) (1, 23). Therefore, TG accumulation in 96 cells expressing perilipin 2 has been attributed to the subsequent lowering of basal lipolytic rates 97 which also promotes tissue insulin sensitivity (1). In agreement, human studies demonstrate that 98 perilipin 2 gene expression is higher in insulin sensitive versus insulin resistant individuals (8) and 99 improvements in insulin mediated glucose disposal in response to weight loss and the 100 pharmacological treatment of type 2 diabetes alters the expression of perilipin 2 in skeletal muscle 101 (27, 32) . However, the impact of prolonged endurance type exercise training on fibre type specific 102 perilipin 2 protein expression remains to be assessed.
104
We hypothesized that prolonged endurance type exercise training increases muscle lipid storage and 105 upregulates the expression of perilipin 2. Given the importance of considering muscle fibre type when 106 investigating IMTG and related proteins, we applied immunofluorescence microscopy techniques to 107 investigate muscle fibre type specific changes in IMTG, perilipin 2 and cytochrome c oxidase (COX) 108 content following 2 and 6 months of endurance type exercise training in type 2 diabetes patients. Ten type 2 diabetes patients participated in the current study (62±1 y, BMI 31.2±0.9 kg.m -2 ).
114
Participants had been diagnosed for at least 12 months, were all being treated with oral blood-glucose-115 lowering medication and were sedentary. The study was approved by the medical ethics committee of 116 the Virga Jesse Hospital, Belgium and written informed consent was obtained from all participants.
117
The patients in the current study were part of a larger project (clinical trial registration: 118 ISRCTN32206301) investigating the impact of prolonged endurance type exercise training in a cohort 119 of fifty type 2 diabetes patients, described in detail elsewhere (16). was performed for 40 min at a heart rate corresponding to exercise performed at 75% of VO 2 peak . The 134 relationship between VO 2 peak and heart rate was reassessed after 2 months, and training intensity was 135 adjusted accordingly.
137
Immunohistochemistry 138 Muscle samples were dissected free of fat and connective tissue, before being embedded in Tissue-
139
Tek OCT Compound (Sakura Finetek Europe, The Netherlands) and frozen in liquid nitrogen-cooled 140 isopentane. Cryosections of 5 µm thickness were fixed in 3.7% formaldehyde and permeabilised for 141 5 min in 0.5% Triton-X 100. Sections were then incubated for 1 h with a mouse monoclonal anti-142 ADRP/perilipin2 antibody (Progen, Germany) as described previously (38, 39) . As a key protein in 143 the electron transport chain, identification of cytochrome C oxidase using a mouse monoclonal anti- 
192
oxygen uptake demonstrated a significant increase over time (P<0.05) and was 16±3% higher after 2 193 months of training (from 23.4±1.5 to 27.1±1.7 mL . kg -1. min -1 , P<0.01), and remained 13±7% higher 194 compared to baseline values after 6 months of intervention (26.5±1.9 mL.kg -1 .min -1 , P=0.08).
195
Although the total cohort showed significant improvements in glycemic control, as shown by reduced 196 levels of HbA 1c (16), in this small subcohort of 10 subjects the decrease in HbA 1c following training 197 failed to reach significance (7.0±0.4, 6.7±0.3 and 6.5±0.2%, for 0, 2 and 6 months respectively; 
232
Representative immunofluorescence images of perilipin 2 expression in type I and type II muscle 233 fibres at baseline, and after 2 and 6 months of training are shown in figure 3 . In comparison to 234 baseline, perilipin 2 density in type I fibres also increased ~2-fold after 2 and 6 months (0.018±0.003, 235 0.033±0.004 and 0.035±0.005 perilipin 2 objects/μm 2 for 0, 2 and 6 months respectively; P<0.05) 236 whereas perilipin 2 density in type II muscle fibres did not change (P>0.05). Therefore, perilipin 2 237 density was higher in type I than type II muscle fibres after 2 and 6 months of training only. Higher 238 magnification images of perilipin 2 were obtained using confocal laser scanning microscopy and are 239 shown in Figure 3 . These images show a clear increase in perilipin 2 expression after 6 months of 240 training. These images demonstrate that distinct rings of perilipin 2 can frequently be observed and 241 are more abundant after prolonged exercise training.
243
Discussion
244
Prolonged endurance type exercise training is known to improve insulin-stimulated glucose uptake 245 and glycaemic control in type 2 diabetes patients (17). In this study we demonstrate that endurance 246 type exercise training also increases both IMTG deposition and COX expression, which are higher in 247 type I muscle fibres. In accordance, we show for the first time that training induces a greater 248 expression of perilipin 2 in type I muscle fibres.
250
Insulin sensitivity is enhanced by regular physical activity which explains why significant 251 improvements in glycaemic control were observed in the previous study after 6 months of endurance 252 type exercise training in a large cohort of type 2 diabetes patients (16). In the subset of participants 253 used in this study there was no significant change in glycaemic control as evident from the HbA 1c 254 levels after 6 months of training (Table 1) . Nevertheless a decline from 7.0±0.4% down to 6.5±0.2% 255 in HbA1c is of great clinical significance, as it would translate into a >10% reduction in the risk of 256 premature death, a 5-10% reduction in the risk of myocardial infarction and a ~20% reduction in the 257 risk of microvascular disease (25).
259
Skeletal muscle oxidative capacity and whole body fatty acid oxidation are good predictors of muscle 260 insulin sensitivity (5, 13, 14, 19) . Obese individuals with insulin resistance and type 2 diabetes 261 commonly display a reduced capacity for oxidative metabolism (2, 20, 21, 36) . Thus, it is likely that 262 increased oxidative capacity following exercise interventions are mechanistically linked to 263 improvements in metabolic health in this population. Accordingly, we observed a ~1.6-fold increase 264 in COX expression in skeletal muscle following 6 months of endurance type exercise training (Figure   265 1). The increase in COX expression in this subset of patients is in agreement with the 50% increase in 266 COX and citrate synthase activities observed in the full cohort of patients reported previously (16).
267
We extend on these previous data by the application of immunofluorescence microscopy, allowing us 268 to assess oxidative capacity in a muscle fiber type specific manner. Furthermore, we also assessed 269 subcellular localisation of the observed increases in oxidative capacity (Figure 1) . The present work 
277
The exercise training-induced increase in skeletal muscle oxidative capacity was accompanied by a 278 ~2-fold elevation in skeletal muscle lipid deposition in both type I and type II muscle fibres ( Figure   279 2). This is the first study to show a type I muscle fibre specific increase in IMTG content following 280 prolonged exercise training in type 2 diabetes patients. These findings tend to be in line with several 281 recent studies demonstrating IMTG accretion coupled to increased oxidative capacity in older, obese 282 insulin resistant individuals following 12-16 weeks of exercise training (10, 35) . Although IMTG 283 content is already elevated in obese type 2 diabetes patients, these levels still remain below those 284 observed in endurance-trained athletes who are highly insulin sensitive (13, 46) . The high IMTG 285 content in combination with a reduced oxidative capacity in type 2 diabetes patients likely mediates 286 the reduction in muscle insulin sensitivity rather than merely elevated IMTG stores. Accordingly, 287 exercise training-induced increases in mitochondrial content, coupled to IMTG accretion appear to 288 enhance insulin sensitivity. For example, a recent study has demonstrated that training-induced 289 increases in IMTG concentrations and improvements in insulin sensitivity are coupled to a reduction 290 in the concentration of diacylglycerol and ceramide (9). Therefore it has been hypothesized that the 291 process of IMTG synthesis consumes the lipid metabolites that are precursors to IMTG and impair 292 skeletal muscle insulin signaling. In further support, the high IMTG synthesis rates observed in the 293 period after endurance type exercise protects against the development of insulin resistance during 294 (intra)lipid infusion (37). The present study adds to this growing body of evidence by demonstrating 295 greater IMTG storage and improved glycaemic control in response to 6 months training in type 2 296 diabetes patients. Some studies employing a shorter training duration have failed to observe a 297 significant increase in type 1 muscle fibre IMTG content following training in type 2 diabetic patients 298 (26). Therefore, it is possible that a more prolonged intervention, such as the 6 month endurance 299 training programme applied in the current study, is required before increases in IMTG deposition are 300 observed in type 2 diabetes patients. The duration of the training intervention, in addition to the 301 method of IMTG analysis, may also explain the discrepancy across the many studies investigating 302 changes in IMTG content.
304
The increase in total IMTG content following training in the present study was accompanied by an 305 increase in the number of LDs in type I fibres, whereas there was no change detected in LD size. This 306 is in agreement with a previous electron microscopy study in young males and females, where the 307 increase in total IMTG content with training was due to an increase in LD density while LD size 308 remained unchanged (44). IMTG expansion through an increase in the number of smaller LDs would 309 befit a metabolic advantage as the surface area available for the interaction of lipolytic enzymes with 310 the regulatory proteins contained on the LD surface would be enhanced. This would maximize the 311 capacity for rapid LD turnover, allowing more efficient lipid mobilization and therefore oxidation 312 during exercise.
314
One of the regulatory proteins that reside on the surface of the LD monolayer is perilipin 2. In the 315 current study, despite observing a ~2-fold higher IMTG concentration in the type I muscle fibres, 316 ( Figure 2A ) there was no difference in perilipin 2 expression between type I and type II muscle fibres 317 prior to endurance type exercise training ( Figure 2B ). However, training induced a significant increase 318 in perilipin 2 expression in type I muscle fibres. The perilipins are important in the packaging of lipid 319 droplets and in vitro studies demonstrate that perilipin 2 expression increases cellular TG and 320 improves insulin sensitivity. The presence of perilipin 2 at the LD surface appears to limit the 321 association of ATGL with the LD surface, reduce basal lipolytic rates and therefore promote TG 322 storage (1, 23).
324
We show that when type 2 diabetes patients are physically active, type I muscle fibres exhibit a 325 greater expression of perilipin 2 than type II muscle fibres. This is in agreement with our previous 326 observations of a greater perilipin 2 expression in the type I muscle fibres of sedentary individuals and 327 trained cyclists (39, 40) . The increase in perilipin 2 expression in type I muscle fibres is likely to 328 result in enhanced coverage of the LD surface with perilipin 2. This adaptation would limit rates of 329 basal lipolysis and promote IMTG storage in the basal state. Furthermore, hormone sensitive lipase 330 translocates to perilipin 2-coated LDs during muscle contraction and adrenaline stimulation (34) and 331 perilipin 2-associated LDs are depleted during exercise (40). We hypothesize that an increase in 332 perilipin 2 surface coverage of the LD, along with the greater total LD surface area available and the 333 enhanced mitochondrial density, would aid the mobilization and oxidation of the IMTG pool during 334 exercise. This proposed improvement in the regulation of IMTG turnover both at rest and during 335 exercise may go some way to explaining why insulin sensitivity can be enhanced despite further 336 accumulation of IMTG with training. However, it should be noted that neither intramuscular lipolysis 337 nor lipid oxidation rates were assessed in the present study, therefore further research is required to 338 fully explore the relationship between changes in perilipin 2 expression and intramuscular lipid 339 oxidation.
341
A non-exercise control group was not included in the present study, however reductions in fat 342 mass, and improvements in VO 2max and muscle oxidative capacity are not seen in a similar 343 time frame in non-exercising controls (7, 41). Therefore we can be confident that the related 344 changes in perilipin 2 expression and IMTG storage in the present study are specific 345 adaptations to the exercise intervention. As perilipin 2 is one of four perilipin proteins present in 346 skeletal muscle, additional investigations examining other perilipins are required to fully understand 347 the role of IMTG metabolism in the development insulin resistance and the insulin sensitizing effect 348 of endurance type training.
350
In conclusion, prolonged endurance type exercise training increases intramuscular lipid storage in a 351 muscle fibre type dependent manner in type 2 diabetes patients. Importantly, the increase in IMTG 
